Least squares best fits were calculated to the Fourier amplitude spectra of P and S waves of locally recorded earthquakes. Attenuation, amplification, and earthquake source parameters were calculated from parameters of the fits. Approximately 8200 spectra were fit at 39 sites at Coalinga, Mammoth Lakes, and the Santa Cruz Mountains, Califomia. Typically, the spectra were fit from 2 to 45 Hz for P waves and 2 to 20 Hz for S waves. The source spectral falloff of P waves was limited to be no greater than f -2.5 (f is 
INTRODUCTION
Understanding the amplification and attenuation of seismic waves in the near surface is important in order to predict ground motion from earthquakes and in order to accurately determine source properties of earthquakes. In this paper the amplification and attenuation at a number of different sites are determined from the Fourier spectra of earthquakes. The amplification determined in this study is frequencyindependent. Frequency-dependent site amplifications are not included in the model. The frequency dependence of attenuation is considered. The amplification and attenuation results are used to help determine source parameters for aftershocks of the October, 1989, Loma Prieta earthquake, aftershocks of the May, 1983, Coalinga earthquake, and earthquakes that occurred in Mammoth Lakes earthquake sequence of May to It is found that the frequency dependence of attenuation strongly affects the determination of source parameters. A Q that decreases with increasing frequency is more likely to influence the determination of source parameters than one which increases with frequency. A Q that decreases with frequency causes the spectrum to fall off rapidly at high frequencies. The rapid falloff of the spectrum at high frequencies due to attenuation could dominate the high frequencies obscuring source effects. This becomes an important consideration for the phenomenon observed for small earthquakes sometimes referred to as fmax [Hanks, between 3.0 and 4.5. Eight sites were used in this study and the geology of the sites was taken from Bailey [1989] . Four sites were located within the Sierra Nevada on relatively thin amounts of glacial deposits or Quaternary alluvium above hard rock (granitic, metasedimentary, or volcanic). Two sites were located at the base of the Sierra Nevada on alluvium with unknown but deeper thicknesses to basement. One site was located in the western half of the Long Valley caldera on Pleistocene volcanics of the resurgent dome. A second caldera site was located in the eastern half of the caldera next to Lake Crowley on alluvium with lacustrine deposits nearby.
Range of Frequencies Studied
The range of frequencies that could be analyzed was limited by noise, anti-alias filters, and the response of the insments.
For P waves, the noise was determined for each seismogram from the Fourier spectrum of a window placed just prior to the first P wave arrival. The range of frequencies studied was then determined by comparing the Fourier spectrum of the noise window to the P wave Fourier specmnn. For the recordings from the L-22 sensors, frequencies below the natural frequency of the sensors, 2 Hz, were not used. In general the highest frequency fit was 35 Hz or higher, but frequencies within ten percent of the anti-alias frequency were not used. If the highest frequency of the signal specmnn was not useable to at least 20 Hz because of noise, the spectrum was not included in the analysis. Using these guidelines 632 P wave spectra from Coalinga, 768 P wave spectra from Mammoth Lakes, and 3770 P wave spectra from Loma Prieta were analyzed.
Similar guidelines were used to determine the frequencies to fit for S waves. S waves were first rotated to transverse (SH) based on epicenter and station locations. The noise window for S waves was placed in the P wave coda just in front of the first S wave arrival. The noise (P wave coda) spectrum was generally observed to merge with the transverse S wave spectrum somewhere between 10 and 35 Hz depending on the recording. S wave spectra were not used if it appeared that the P wave coda dominated at frequencies below 10 Hz. Also the S wave spectra from unlocated earthquakes were not used because then it was not possible to rotate to the transverse component. A total of 387 transverse S wave spectra were analyzed from Coalinga, 376 transverse S wave spectra from Mammoth Lakes, and 2512 from Loma Prieta.
SPECTRAL FITrlNO METHOD
The Fourier amplitude spectra of P and S waves were analyzed by finding nonlinear least squares best fits to the spectra. The Fourier spectra were fit to the logarithm of the functional form [Boatwright, 1978] where D(f) is the Fourier displacement amplitude, 1'2 o is the low-frequency spectral asymptote, f is the frequency, fc is the comer frequency, y is the source spectral falloff, and t* is the travel time divided by the quality factor of attenuation Q. In addition, t* was determined by two parameters according to t* = tj f-or, where tj and ot are parameters determined by the fits. The negative sign was placed before ot so that the sign = Q of øt [e.g., Aki, 1980] . The best fit for a particular specmun is the combination of parameters that m'mimizes the sum of squared residuals. The residual at each value of the Fourier specmun is the spectrum minus the fit to the specmun. The best fitting combination of parameters is identically the same whether fitting to the displacement, velocity, or acceleration spectrum.
The five parameters that can be varied to find the best fits are 1'2 o, fc, T, t•, and or. It was impossible to fit to all five parameters at once because there were many possible parameter combinations that produced similar values for the sum of squared residuals. It was usually possible to determine a unique solution when four of the five parameters were allowed to vary. When three of the five parameters were allowed to vary, it was always possible to determine a unique best fitting combination of these three parameters. The fits in this study were usually calculated with the three parameters l'2o,fc, and t• varying and the parameters T and ot fixed. [ Caceci and Cacheris, 1984; Nelder and Mead, 1965] . The Simplex algorithm has the advantage over many other iteration schemes that convergence toward a minimum value for the sum of squared residuals is guaranteed. Example fits are shown in Figure 4 . Smoothing the spectra prior to fitting did not greatly alter the fit parameters. The fit parameters for spectra smoothed by calculating a nine point mnn•g mean usually changed by less than 15%. Analysis of the Fourier spectrum of locally recorded earthquakes by finding least squares best fits to the spectra using the same or a similar source model has been previously studied by a number of authors [Boatwright, 1978;  [1991] . The method used in this study differs from these previous studies by using the Simplex algorithm to find the best fitting parameters and by analysing the frequency dependence of attenuation. Fitting the Fourier spectrum using the Simplex algorithm has been used before to find the frequency dependence of attenuation [Walck, 1988] . Walck, however, studied explosions at regional distances rather than local earthquakes as studied in this paper.
FALLOl• OF THE FOURIER AMPLE SPECTRUM
In order to determine an appropriate model that describes the Fourier spectrum of local earthquakes it is necessary to understand the falloff of the spectrum at high frequencies. The falloff of the Fourier spectrum at high frequencies is due to both the source and attenuation. It is difficult to separate --these two effects, especially since attenuation may be frequency dependent. In this study the separation of source -from attenuation was accomplished by looking at sites with a _ wide range in near-surface rock types and therefore a wide range in site attenuation. Station locations with low -attenuation were used to constrain the parameter T which determines the falloff of the specmam due to the source. Sites with high attenuation were used to determine the frequency --dependence of attenuation as modelled by the parameter
Source Spectral Falloff
The parameter 7 determines the falloff of the spectrum due to the source which for frequencies sufficiently far above the comer frequency goes as f-T. The falloff of the spectrum due to attenuation is determined by the parameter t•. Constraints can be placed on 7 by considering the average value of the parmeter t• for different values of 7. As 7 is increased more of the falloff of the spectrum at high frequencies is taken up by 7 and less by tj. Eventually this causes t• to go to zero because all of the falloff is taken up by the parameter 7. Because it is physically impossible for t• to be negative the value of 7 for which t• is zero can be used as an upper bound on 7. The parmeter t• goes to zero for P waves at the lowest attenuation sites when 7 approaches 2.5 (Table 1 ). The parameter 7 is therefore less than approximately 2.5. Since t* is greater for S waves than P waves, it was not possible to use the same method to place significant constraints on the source falloff of S waves, but 7 was assumed to be 2.0 for both P and S waves. Lakes and highest at sites on alluvium near Coalinga ( Figure 9 and Table 2 ).
The relative amplification between sites varied by about a factor of 5 within each region and also correlates with site geology (Figure 9 and Table 3 Tables 2 and 3 ). Attenuation and amplification also varied among the Tertiary sedimentary rock sites and were on average larger for the younger age rocks (Pliocene and Miocene) compared to the older (Oligocene and Eocene) sims (Table 3) . At Coalinga the largest amplification and attenuation occurred at the alluvium sims (ALP, TRA, and SUB). The alluvium sites had t* values about twice the nearby sedimentary rock sites and were amplified on average by a factor of 4 or 5 ( Figure 9 and Table 2 ). The amplification cannot be compared directly between the three areas, since it is a relative amplification between sites, but the attenuation can be compared. The attenuation at the Coalinga sedimentary rock sites is similar to the highest attenuation sims in the Santa Cruz Mountains (Figure 9 and Table 2) Table 4 . Of 287 earthquakes, the largest stress drop at Loma Prieta was determined for the earthquake that occurred on October 22 at 09:44:58 (Table 4) 
DISCUSSION
This study was initiated to determine if an f-2 source falloff and a constant Q with frequency could be used to fit the Fourier spectra of earthquakes. It was found that there was a systematic misfit between this model and the Fourier spectra (Figure 4 ). This misfit was removed by using a Q that decreased with increasing frequency. This frequency dependence for Q gave better fits to the data (Figures 4 and 6) , produced attenuation that did not vary systematically with the low-frequency spectral asymptote (Figure 7) , and yielded more reasonable source parameters (Figure 10 ). We still need to address more carefully whether the apparent frequency dependence of attenuation measured in this study could be due to other causes, either a source effect or a site effect rather than attenuation.
A decreasing Q with freq.uerlcy was necessary to fit the data because it allowed for a rapid falloff of the fits at high frequencies while leaving the fits at low frequencies relatively flat. It is difficult to explain this rapid falloff at high frequencies as a source effect. The source falloff was directly limited, at least for P waves, by the nearly hard rock sites located in the Mammoth Lakes region where the falloff of the f -2.5 spectrum was close to (Table 1) . A more general indication that the rapid falloff at high frequencies is due to a site effect rather than a source effect is that the falloff varies Frequency-dependent site effects that act over a broader frequency range than resonances are also possible. For example, the amplification due to the impedance contrast in the near surface occurs only for high frequencies. Low frequencies will not feel the effects of the near-surface velocity reduction and will be amplified by only the factor of 2 for the free surface [e.g., Shearer and Orcutt, 1987] . We have assumed that the frequencies (all greater than 2 Hz) in this study are sufficiently high that the entire frequency band is amplified by the impedance contrast. For sites where this is not true, the determination of the frequency dependence of attenuation could be biased. The observed variation of amplification with site geology implies that the spectra studied are in the high-frequency limit where there is amplification due to the impedance contrast since the amplification was determined from the low-frequency asymptote (equations (2) and (3)). Frequency-dependent site amplifications can be quite complicated, however, and we cannot eliminate the possibility that frequency-dependent site amplifications are biasing the frequency dependence of attenuation measured in this study. Table 2 can • used as a starting point to estimate attenuation in the near surface from the site geology. The source parameters determined in this study varied significantly depending on the region (Figure 10 4. The average spectral falloff for P waves was close to f-2.5 for the low attenuation sites in the Sierra Nevada. The spectral falloff due to the source for P waves was therefore apparently limited to be no greater than f-2.5. be shown to represent genuine differences between regions, it would indicate fundamental differences in source properties of small earthquakes on a regional basis. It may also be possible to use the variation of stress drop between individual earthquakes within each region to examine the spatial variation of stress drop in the seisrnogenic zone.
